I. INTRODUCTION
The problem of efficiently controlling the motion of an aircraft in a non-stationary environment capable to ensure its high performance index is important enough from the practical point of view [1] . To solve this problem, the different approaches based on the modern control theory, including adaptive and robust control, neural networks, etc., have been reported by many researches [2] - [7] .
One of the efficient methods devised in the modern control theory for rejecting any unmeasured disturbance is based on the l 1 -optimization concept [8] - [10] applicable to discrete-time control systems. Recently, this concept has been utilized in [11] to design the digital lateral autopilot of the PI type for an aircraft capable to cope with a gust.
In order to implement the l 1 -optimization of any digital controller, we need the information with respect to the dynamics model of a plant to be controlled including its structure and parameters. In practice, however, it may not be available in full detail. In this real situation, the following two questions naturally arise. First, is the l 1 -optimal PI controller designed via the use a priori knowledge of the so-called nominal lateral dynamics model robust? Second, how sensitive is this controller to variations of the sampling period? This paper extends the approach which we have first reported in [11] to deal with the l 1 -optimal autopilot for the lateral motion control. But, in contrast with [11] , the aileron servo dynamics are taken into account to ensure the stability of closed loop. The main effort is focused on studying the robustness properties of this autopilot to parametric and nonparametric uncertainties.
and ( ) t  denote the roll rate angle and the aileron deflection of an aircraft, respectively, at a time .
t According to [12, chap. 3] the lateral dynamics equation of an aircraft derived from the linearized lateral equation of the aircraft motion can be described by the continuous-time transfer function
where K  and T  are the aerodynamic derivatives (more certainly, T  is the damping derivative in the roll channel and K  is the roll moment). As in [12, chap. 4] , it is assumed that continuous-time transfer function describing the aileron servo dynamics is
where S K and S T are its gain and time constant, respectively.
Define by ( ) d t an external signal (in particular, a gust) disturbing the angular velocity .
  This signal plays a role of some unmeasurable arbitrary disturbance. Without loss of generality, it is assumed that it has to be upper bounded in modulus. This implies that
Suppose that
in (1) and (2) 
where 0 ( ) t  denotes the desired roll orientation at the time t, introduce the performance index of the control system to be designed in the form
The aim of the controller design may be written as the requirement
where (4) and (5) have been utilized. The controller satisfying (6) is called optimal. The question that we need to answer in this paper is as follows. Can this controller be robust?
III. DIGITAL LATERAL AUTOPILOT DESIGN

A. Control strategy
To implement the controller design concept proposed in this paper, two feedback loops similar to that in [11] , [12] are incorporated in the autopilot system, as shown in Fig. 1 . But, in contrast with [12] , they are designed as the discrete time closed-loop control circuits using two separate controllers. To this end, two samplers are incorporated in the feedback loops; see Fig u t using the so-called zero-order hold (ZOH) [13] . This makes it possible to represent the control input, ( ) u t as follows:
The aim of the inner control loop exploiting the discrete-time PI control is to stabilize the roll rate
which is the output of the external control loop, as shown in Fig. 1 . The feedback control law of this digital controller is k represent its parameters. The sampled-data transfer function of the PI controller derived from (7) is determined as follows: are a desired and true roll orientation at the time instant 0 , t nT  respectively. Then the sampled-data transfer function corresponding to (10) will be determined as
B. Stability analysis Inspecting Fig. 1 and recalling the notations (1), (2) and (9), one gets the discrete-time transfer function of inner feedback loop from
where 14] . By applying the stability results with respect to the three-order control system which can be found in [15, subsect. 1.12] , to the denominator of in ( ) H z in (12) we derive the conditions guaranteeing the stability of inner closed loop. It turned out that the set
under which the inner loop will be stable is bounded.
To study the stability of the external closed loop, we again inspect Fig. 1 to obtain the discrete-time transfer function of the corresponding open loop as
where
Applying the frequency stability criterion taken from [16] to (14) together with (15) we establish that the necessary and sufficient condition under which the closed loop will be stable is given by
where m is determined as min{Re ( ) : Im ( ) 0}.
C. l 1 -Optimization
In order to choose the optimal parameters of both digital controllers, the l 1 -optimization approach is utilized. According to this approach we establish that
where According to (15) , (16) k Therefore, the random search technique taken from [17, chap. 6, item 4] is proposed to find the optimal parameter vector C , k  defined in (19).
IV. ROBUSTNESS EVALUATION Let the nominal (approximate) transfer function ( )
in (1) [12, equation (3.62)] ). According to [12, sect. 4.2] the transfer function of aileron servo is given by
Exploiting the discrete time counterpart of the Routh-Hurwitz stability criterion to the denominator of (12) and also (15) By using the random techniques of [17] , the following vector of the l 1 -optimal controller parameters was found:
T C [4, 0.1, 3.9] . k  
To study the robustness properties of this l 1 -optimal controller under the parametric uncertainty, we assumed that the parameters K  and T  are unknown but may vary within
The parametric uncertainty region corresponding to these ranges defined as : [ , ] [ , ] Fig. 2 . To evaluate the performance index of the control system containing the l 1 -optimal controller without and with uncertainties, two simulation experiments were conducted. In these experiments, variable ( ) d t similar to the wind gust was simulated as Dryden Wind Turbulence Model.
It turned out that if the parametric uncertainty is present then the worst case (in the sense of robust stability) is: Fig. 2 ). Simulation results corresponding to the absence and the presence of this uncertainty are presented in Fig. 3 Simulation results corresponding to this case are given in Fig. 4 . Figures 3 and 4 show that the behavior of the l 1 -optimal control system in both situations is satisfactory. Fig. 3 . Behavior of l1-optimal lateral autopilot without (black color) and with (gray color) parametric uncertainty It follows from the results of [11] that the stability region  may be empty if the sampling period 0 T is sufficiently large. To verify this fact, we investigated the stability properties of the control system considered is simulation example for different values of . The synthesis and analysis of a digital autopilot which is able to maintain a given roll orientation of an aircraft with a desired accuracy and to cope with an arbitrary external disturbance (a gust) were addressed in this paper. The digital autopilot was chosen as the l 1 -optimal controller containing the discrete-time PI and P controller parts.
It was established that the l 1 -optimal lateral autopilot may be robust in the presence both of parametric and of nonparametric uncertainties.
